Introduction
Insulin resistance is one of the major symptoms of diabetes especially in patients with type 2 diabetes and is usually observed even in a prediabetic state (1) . Insulin resistance is thought to be caused by the disturbance of insulin's signaling pathway at various steps (2) . We and others previously showed that disruption of insulin receptor substrate-1 (IRS-1), which is the major target of insulin receptor, resulted in insulin resistance and growth retardation, but not diabetes, probably owing to compensatory hyperinsulinemia (3, 4) . However, we demonstrated that the double knockout mice with disruption of IRS-1 and β-cell-specific glucokinase genes developed overt diabetes (5). Bruning et al. also showed that the double heterozygous knockout of IRS-1 and insulin receptor could be diabetic (6) . Recently, Withers et al. demonstrated that disruption of IRS-2 resulted in severe diabetes owing to insulin resistance and disturbance of insulin secretion (7) . These findings suggest the one possible mechanism developing type 2 diabetes may be failure of compensatory insulin secretion against insulin resistance (8) . Therefore, reducing insulin resistance is probably useful in preventing the risk of developing diabetes for prediabetic subjects or in protecting remaining β-cell function of diabetic patients. Indeed, body weight reduction often improves insulin resistance and blood glucose control.
Many studies suggest that skeletal muscle is the major site for glucose disposal in the human body and also suggest that disturbance of insulin signaling in skeletal muscle plays an important role on developing insulin resistance and diabetes (9) . However, liver is the other major target of insulin, and liver dysfunction such as liver cirrhosis often causes postprandial hyperglycemia and insulin resistance. Indeed, many reports claimed that insulin resistance in liver is also important in wholebody insulin resistance (10) . Recent studies using transgenic animals have also demonstrated that impairment of insulin signaling in skeletal muscle alone (11, 12) or skeletal muscle and adipose tissue (13) is not sufficient for developing diabetes.
To clarify this controversial problem, we attempt to express the wild-type and a mutant IRS-1 into IRS-1 knockout mice using adenovirus-mediated gene transfer because it can introduce the gene efficiently in liver by systemic administration (14) . Here, we demonstrate Insulin resistance is commonly observed both in overt diabetes and in individuals prone to, but not yet manifesting, diabetes. Hence the maintenance or restoration of insulin sensitivity may prevent the onset of this disease. We previously showed that homozygous disruption of insulin receptor substrate-1 (IRS-1) in mice resulted in insulin resistance but not diabetes. Here, we have explored the mechanism of systemic insulin resistance in these mice and used adenovirus-mediated gene therapy to restore their insulin sensitivity. Mice expressing the IRS-1transgene showed almost normal insulin sensitivity. Expression of an IRS-1 mutant (IRS-1∆p85) lacking the binding site for the p85 subunit of phosphatidylinositol 3-kinase (PI3K) also restored insulin sensitivity, although PI3K is known to play a crucial role in insulin's metabolic responses. Protein kinase B (PKB) activity in liver was decreased in null mice compared with the wild-type and the null mice expressing IRS-1 or IRS-1∆p85. In primary hepatocytes isolated from null mice, expression of IRS-1 enhanced both PI3K and PKB activities, but expression of IRS-1∆p85 enhanced only PKB. These data suggest that PKB in liver plays a pivotal role in systemic glucose homeostasis and that PKB activation might be sufficient for reducing insulin resistance even without full activation of PI3K.
that restoration of IRS-1 in the IRS-1-deficient mice liver can normalize whole-body insulin sensitivity. We also show the possible mechanism of insulin signaling pathway regulating glucose homeostasis through IRS-1, using primary cultured hepatocytes from IRS-1-deficient mice with adenovirus-mediated IRS-1 expression.
Methods
Animals. Mice lacking IRS-1 were generated as described elsewhere (3) . IRS-1 +/+ mice and IRS-1 -/-mice were used for the following experiments. Mice were bred on normal chow and maintained using standard husbandry procedures. The animal care and procedures were approved by the Animal Care Committee of the University of Tokyo.
Insulin tolerance test. Male mice (12-16 weeks of age) were fed freely and then fasted during the study. They were intraperitoneally challenged with 0.75 mU/g (body weight) human insulin (Novoslin R; Novo Nordisk, Bagsraerd, Denmark). Blood samples were drawn at the indicated time point from the tail vein (5) .
Adenovirus-mediated gene transfer. IRS-1-deficient mice were injected with adenoviruses at a concentration of 3 × 10 8 plaque-forming units (pfu) per gram of body weight. Viral suspensions in 200 µL of PBS were injected through the tail vein. At 3-5 days after injection, mice were subjected to experiments. In the case of cultured cells, cells were treated with adenovirus at a concentration indicated as moi in each experiment. Infection efficiency was checked by β-galactosidase assay (15) . Briefly, a frozen section of liver of mouse treated with the adenovirus encoding lacZ was fixed with 0.5% of glutaraldehyde in PBS and was washed extensively with PBS. β-Galactosidase activity was detected by immersing in 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal) staining solution containing 35 mM K 4 Fe(CN) 6 , 35 mM K 3 Fe(CN) 6 , 1 mM MgCl 2 and 1 mg/mL of X gal for 15 hours at 37°C.
Generation of adenoviruses. cDNA of rat IRS-1 (IRS-1wt) including the whole coding region was subcloned into m13 vector. cDNA encoding a mutant substituted tyrosine residues of eight YXXM motifs of IRS-1 into phenylalanine (IRS-1∆p85) was generated as described previously (16) . cDNA of IRS-1wt and that of IRS1∆p85 were introduced to the expression cosmid cassette by blunt-end ligation into SwaI site, respectively, as described previously (17) . The recombinant adenoviruses Adex1CAIRS-1wt and Adex1CAIRS-1∆p85 were constructed by homologous recombination between the expression cosmid cassette and parental virus genome as described elsewhere (17) . The control adenovirus, Adex1CALacZ, and the cosmid cassette were kindly provided by I. Saito (University of Tokyo).
Hepatocytes culture. Primary hepatocytes were isolated from IRS-1 +/+ or IRS-1 -/-male mice according to Ledley et al. (18) with slight modification. The liver was perfused by cannulation in the portal vein with HBSS containing 0.125 mM EGTA to wash out erythrocytes. Then the liver was sequentially perfused with HBSS containing 0.3 mM CaCl 2 , 100 U/mL of collagenase, and 120 µg/mL of trypsin inhibitor. The liver was removed and filtered through muslin followed by washing with William's E medium. The cells were resuspended in William's E medium supplemented with 10% FBS and plated onto a 60-mm type I collagencoated dish at a density of 1 × 10 6 cells per dish. After 8 hours, the cells were infected with the adenovirus as already described here and were cultured in William's E containing 5 nM dexamethasone for 24 hours.
Antibodies. Rabbit polyclonal anti-IRS-1 antibodies (αIRS-1-CT) were generated against a peptide corresponding to the sequence of COOH-terminal 14 amino acids of rat IRS-1 (Upstate Biotechnology Inc., Lake Placid, New York, USA). Rabbit polyclonal anti-PKB antibodies (αPKB-CT) were generated against a peptide corresponding to the sequence of 465-480 human PKB (Upstate Biotechnology Inc.). Mouse monoclonal antiphosphotyrosine antibodies (4G10) were purchased from Upstate Biotechnology Inc. Rabbit polyclonal anti-MAP kinase antibodies (αC92) were generated against a peptide encoding COOH-terminus 14 amino acids of rat Erk1 as described previously (19) .
Immunoprecipitation and pull down using GST fusion protein from the tissue and cell lysates. Mice were anesthetized, and 1 µg/g body weight of insulin was injected through the inferior vena cava. After the indicated period, the liver, soleus muscle, or epididymal fat pad was removed and homogenized with the tissue homogenization buffer containing 25 mM Tris-HCl (pH 7.4), 10 mM Na 3 VO 4 , 100 mM NaF, 10 mM Na 4 P 2 O 7 , 10 mM EGTA, 10 mM EDTA, 5 µg/mL leupeptin, 5 µg/mL aprotinin, 1 mM PMSF, and 1% NP40. The homogenates were subjected to immunoprecipitation with αIRS-1-CT, 4G10, αC92, or αPKB-CT. In the case of hepatocytes, cells were treated with insulin and lysed with buffer A containing 25 mM Tris-HCl (pH 7.4), 2 mM Na 3 VO 4 , 10 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM EGTA, 1 mM EDTA, 5 µg/mL leupeptin, 5 µg/mL aprotinin, 1 mM PMSF, and 1% NP40. The lysates were subjected to immunoprecipitation with αIRS-1-CT, 4G10, or αPKB-CT. The immunoprecipitates were immobilized on protein A-or G-Sepharose beads followed by extensive washing with the tissue homogenization buffer or buffer A. For pull-down study, the cell lysates were incubated with 1 µg of GST-p85PI3K or GST-Grb2 (20) and immobilized on glutathione Sepharose beads followed by extensive washing with buffer A.
Phosphatidylinositol 3-kinase assay. The immunoprecipitates with 4G10 were washed three times with the tissue homogenization buffer or buffer A and twice with phosphatidylinositol 3-kinase (PI3K) reaction buffer (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, and 0.5 mM EGTA) and were suspended in 50 µL of PI3K reaction buffer containing 0.1 mg/mL of PI (PI: bovine liver; Avanti Polar Lipids, Alabaster, Alabama, USA). The reactions were initiated by adding 5 µL of a MgCl 2 -ATP mixture (200 mM MgCl 2 , 200 µM ATP) containing 5 µCi of [γ-32 P]ATP to the immunoprecipitates and incubated at 25°C for 20 minutes. The reactions were ter-minated by adding 150 µL of chloroform-methanol-11.6N HCl (100:200:2). After adding 120 µL of chloroform to each sample, the organic phase was separated by centrifugation, and it was washed twice with methanol-1N HCl (1:1). After evaporation, the pellets were resuspended in 20 µL of chloroform, spotted onto a Silicagel 60 plate (Merck KGaA, Darmstadt, Germany), and developed in chloroform-methanol-28% ammonium hydroxide-water (43:38:5:7). The phosphorylated lipids were visualized by autoradiography.
In vitro kinase assay. The liver removed from the mouse was lysed with the tissue homogenization buffer, or the primary cultured hepatocytes were lysed with buffer A as already described here, and the lysates were subjected to immunoprecipitation with αPKB-CT or αC92, followed by PKB kinase assay or MAP kinase assay (17) . Briefly, the immunoprecipitates with αPKB-CT or αC92 were washed and resuspended in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 1 mM dithiothreitol, to which 50 µM ATP, 3 µCi [γ-32 P]ATP, and 1 µg of Crosstide in PKB assay or 5 µg of myelin basic protein (MBP) in MAP kinase assay, had been added, respectively. After 20 minutes at 30°C, the reaction was stopped and the aliquots were spotted onto squares of P-81 paper, washed, and counted by scintillation counter.
Results

Expression of the wild-type IRS-1 into IRS-1-deficient mice by adenovirus-mediated gene transfer.
To clarify the impact of liver on whole-body insulin resistance, we introduced IRS-1wt into IRS-1-deficient mice liver by adenovirusmediated gene transfer (21) . First, we checked the expression levels of the introduced IRS-1 protein in liver, skeletal muscle, and adipose tissue, which are major insulin target tissues. As expected, IRS-1 was detected in liver to the almost same extent as in the wild-type mice under our infection condition, whereas we could not detect IRS-1 expression in either the skeletal muscle or adipose tissue in most animals (Figure 1a) . To assess the expression pattern of the introduced protein in liver, we performed β-galactosidase assay using the frozen section of the liver of the animal treated with adenovirus encoding LacZ. Eighty percent of hepatocytes exhibited strong β-galactosidase activity with an almost equal intensity, whereas other components of the liver, such as endothelial cells, were much less intensely stained (data not shown). Furthermore, this exogenous IRS-1 in the liver was tyrosine phosphorylated as much as the one in wild-type mice after insulin injection through the inferior vena cava (Figure 1b) . Second, to explore the effect of this liver-specific restoration of IRS-1 on the glucose metabolism of IRS-1-deficient mice, we performed an insulin tolerance test (ITT) on the mice treated with the adenoviruses because IRS-1-deficient mice show insulin resistance in ITT but with almost normal glucose tolerance, as do some prediabetic patients or those with syndrome X (3, 4, 22) . Restoration of IRS-1 in the liver by adenovirus-mediated gene transfer increased insulin sensitivity in ITT to the almost same level as in the wild-type mice, whereas the mice expressing LacZ showed insulin resistance as much as did IRS-1-deficient mice without infection (Figure 1c ). These data were comparable to the expression and phosphorylation levels of IRS-1 in the liver of each type of mice. Third, we investigated the major downstream events from IRS-1, MAP kinase (MAPK) activity, and phosphatidylinositol 3-kinase (PI3K) activity. As Figure 1d shows, MAPK activity in the mouse liver-infected IRS1wt adenovirus tended to increase compared with that in the one infected LacZ adenovirus. On the other hand, expression of IRS-1 significantly increased in insulin-stimulated PI3-K activity in the liver compared with the mice infected with LacZ adenovirus to the same level as in wild-type mice (Figure 1e) .
Expression of the mutant IRS-1 lacking p85 binding sites into IRS-1-deficient mice by adenovirus-mediated gene transfer.
Previous studies have shown that PI3K is the major mediator of insulin's metabolic signaling including glucose transport and glycogen synthesis (23, 24) . It has also been shown that IRS-1 is the main mediator of PI3K-dependent signaling in response to insulin in many cells and tissues. To clarify the role of PI3K on this recovery of insulin sensitivity in this case, we constructed the adenovirus encoding a mutant IRS-1 that lacks all of p85 binding motifs (YXXM) (25) by substitution of Y→F in the motifs, designated as IRS-1∆p85. We characterized this mutant by means of transient expression into COS1 cells expressing human insulin receptor. IRS-1∆p85 was expressed to the same level as IRS-1wt at the same virus titer. However, tyrosine-phosphorylation of IRS-1∆p85 was prominently decreased comparable to the decrease in the possible phosphorylation sites on this protein (Figure 2a ). To confirm that this mutant lost the ability to bind p85PI3K, a pulldown study using GST-p85PI3K fusion protein was performed. IRS-1∆p85 was unable to be pulled down with GST-p85PI3K fusion protein, whereas IRS-1wt efficiently bound it (Figure 2b ). By contrast, IRS-1∆p85 seemed to keep the ability to bind Grb2 as much as did IRS-1wt (Figure 2b ). Moreover, PI3K activity associated with tyrosine-phosphorylated proteins in cells expressing IRS-1∆p85 was detectable to the almost same extent as the one in cells expressing LacZ, whereas expression of IRS-1wt significantly increased the PI3K activity (Figure 2c) . Thus, IRS-1∆p85 was expected to lose the ability to associate PI3K activity but keep the ability to mediate other signals, such as the signal to MAP kinase activation. It is likely that using this mutant enabled us to reveal the roles of PI3K-dependent and independent pathways mediated by IRS-1 in glucose homeostasis. Therefore, we injected the virus encoding IRS-1∆p85 into IRS-1-deficient mice and investigated expression and tyrosine phosphorylation of this mutant and PI3K activity (Figure 3a) . The mutant IRS-1 protein was mostly detected in the liver as much as that of IRS-1wt by Western blot analysis. IRS-1∆p85 was phosphorylated by insulin stimulation but much less than was IRS-1wt. PI3K activity in the liver expressing IRS-1∆p85 was activated no more than the one in the liver expressing LacZ. Unexpectedly, in spite of reduced PI3K activity, the IRS-1-deficient mice-infected IRS-1∆p85 adenovirus recovered insulin sensitivity in ITT to the almost same level as did the mice infected with IRS-1wt (Figures 1d and 3b) . To clarify the mechanism of this recovery of insulin sensitivity by IRS-1wt or IRS-1∆p85, it is important to identify the signal that is equally activated by both types of IRS-1. To this end, primary cultured hepatocytes seem to be one of the ideal systems because they are equipped with the similar functions and characteristics as those in vivo.
The effect of the wild-type and the mutant IRS-1 expression on insulin signaling in primary cultured hepatocytes from the IRS-1-deficient mice. We introduced IRS-1wt and IRS1∆p85 into the primary cultured hepatocytes from IRS- , and null mouse treated with wild-type IRS-1 [null IRS-1wt]) were prepared as described in Methods. The lysates were immunoprecipitated (IP) with the antibodies against the COOH-terminal region of IRS-1 (αIRS-1-CT) and subjected to SDS-PAGE (7% gel), followed by Western blotting (IB) with the same antibodies. (b) Tyrosine-phosphorylated proteins in liver in response to insulin. Mice were anesthetized, and 1 µg/g body weight of insulin was injected through the inferior vena cava. After 5 minutes, the liver was removed and lysed with the tissue homogenization buffer as described in Methods. The lysates were immunoprecipitated with anti-phosphotyrosine antibodies (4G10) and subjected to SDS-PAGE (7% gel), followed by Western blotting with the same antibodies. PY, anti-phosphotyrosine antibodies. (c) ITT on mice treated with the indicated adenoviruses. ITT was performed on the indicated group of mice (eight mice in each group). Each bar represents ± SD. A P < 0.02 wild-type or null IRS-1wt versus null or null LacZ. B P < 0.01 wild-type or null IRS-1wt versus null or null LacZ. C P < 0.01 wild-type or null IRS-1wt versus null or null LacZ. (d) Insulin-induced MAP kinase activity in the liver infected with the indicated adenoviruses. After being treated without or with insulin for 5 minutes, the liver lysates were immunoprecipitated with anti-MAP kinase antibodies (αC92) and subjected to the immune complex kinase assay as described in Methods. The results are expressed as the ratio to the value of wild-type without insulin. Each bar represents the mean ± SD of more than three independent experiments. (e) Insulin-induced PI3K activity associated with the tyrosine-phosphorylated proteins in the liver infected with the indicated adenoviruses. After being treated without or with insulin for 5 minutes, the liver lysates were immunoprecipitated with anti-phosphotyrosine antibodies and then subjected to PI3K assay as described in Methods. The lower panel shows the representative results (lanes 1-3; wild-type, lanes 4-6; null LacZ, lanes 7-9; null treated with IRS-1wt, lanes 1, 4, and 7; insulin [-], lanes 2, 3, 5, 6, 8, and 9; insulin [+]). In the upper panel, the results are expressed as the ratio to the value of wild-type without insulin, and each bar represents the mean ± SD of more than three independent experiments. A P < 0.05 wildtype insulin (+) versus null LacZ insulin (+). B P < 0.05 null IRS-1wt insulin (+) versus null LacZ insulin (+).
1-deficient mice. In the cells expressing LacZ, IRS-2 was the major tyrosine-phosphorylated protein stimulated by insulin (Figure 4, a and b) . In the cells expressing IRS-1wt, IRS-1 was greatly tyrosine phosphorylated by insulin stimulation, and slight phosphorylation was seen even in the basal state, whereas phosphorylation of IRS-2 was abolished (Figure 4a ). It is also likely that IRS-1 phosphorylation was relatively sustained; hence, IRS-2 phosphorylation was more transient (Figure 4b) . Tyrosine phosphorylation of IRS-1∆p85 is stronger than that of IRS-2 in the cells expressing LacZ, but significantly decreased compared with that of IRS1wt, and phosphorylation of IRS-2 was undetectable (Figure 4a) . Expression of IRS-1wt seemed to inhibit tyrosine phosphorylation of IRS-2 as well as did expression of IRS-1∆p85 (Figure 4b ). Furthermore, PI3K activity associated with tyrosine-phosphorylated proteins markedly increased in cells expressing IRS-1wt compared with that in cells expressing LacZ, whereas the activity in the cells expressing IRS-1∆p85 seems to be as much as that in cells expressing LacZ (Figure 4c ). Shc phosphorylation was not prominent in any cells by blotting with 4G10 using the cell lysates ( Figure 4a) .
Next, we investigated the effect of wild-type or the mutant IRS-1 expression on PKB activity that is thought to be a key enzyme regulating insulin's major metabolic responses downstream from PI3K (17, 23, 26) . Expression of IRS-1wt in the hepatocytes from IRS-1-deficient mice increased insulin-induced PKB phosphorylation detected by mobility shift in Western blot, and its kinase activity determined by immune complex kinase assay, compared with the phosphorylation and the kinase activity in the cells expressing LacZ, respectively (Figure 5a ). Interestingly, expression of IRS-1∆p85 also promoted PKB activity to the almost same level as did IRS-1wt (Figure 5a ). Furthermore, introduction of IRS-1wt or IRS-1∆p85 into IRS-1-deficient mice also restored PKB activity in liver to the comparable level in the wild-type mice (Figure 5b ). Taking into consideration an increase in PKB activity and the improvement of insulin sensitivity in the IRS-1-deficient mice expressing IRS-1wt or IRS-1∆p85, The ability of the wild-type or the mutant IRS-1 to interact with SH2 proteins. After insulin treatment, the cell lysates were subjected to pull-down study using GST-p85PI3K fusion protein (upper panel) or GST-Grb2 fusion protein (lower panel) as described in Methods, followed by Western blot with αIRS-1CT. (c) The effect of IRS-1wt or IRS-1∆p85 expression on insulininduced PI3K activity in COS1 cells. After insulin treatment, the cell lysates were subjected to immunoprecipitation (IP) with antiphosphotyrosine antibodies followed by PI3K assay as described in Methods. The upper panel shows the representative result (lanes 1, 3, and 5; insulin [-] , lanes 2, 4, and 6; insulin [+] ). In the lower panel, the results are expressed as the ratio to the value of wild-type without insulin, and each bar represents the mean ± SD of more than three independent experiments. enhancement of PKB might be essential for the recovery of insulin resistance in IRS-1-deficient mice. Recently, several reports have suggested that PKB is a candidate for the key regulator of gluconeogenesis or glycogen synthesis in liver (27, 28) . However, it is unclear how PKB can be activated in liver even in the absence of full activation of PI3K. To explore the possible mechanism, we introduced IRS-1wt or IRS-1∆p85 into the IRS-1-deficient hepatocytes with treatment of wortmannin because it is possible that even IRS-1∆p85 could activate PKB via weak association with PI3K through other than YXXM motif or activation of PI3K by an unknown indirect mechanism independent of tyrosine phosphorylation. As Figure 5c shows, wortmannin strongly, but not completely, suppressed the effect of IRS-1wt on PKB activation, whereas it seemed less effective on PKB activation in cells expressing IRS1∆p85. These data suggest that PI3K-dependent signal mostly contributes to activation of PKB under normal conditions and that wortmannin insensitive pathway might be partially involved in PKB activation in primary hepatocytes. They also suggest that IRS-1∆p85 can fully activate PKB without full activation of PI3K.
Discussion
We previously generated IRS-1-deficient mice and revealed that the disruption of IRS-1 results in the peripheral insulin resistance owing to the disturbance of the signaling cascades from IRS-1 (3, 29, 30) . However, it is still unclear which tissue mainly contributes to developing the whole-body insulin resistance, one of the important risk factors of diabetes. In this study, we try to elucidate the importance of liver on the whole-body insulin resistance due to disruption of IRS-1 and also challenge the liver-specific gene therapy to the IRS-1-deficient mice. To this end, we express the wild-type and a mutant IRS-1 into these animals by adenovirusmediated gene transfer. The introduced IRS-1 is mainly detected in liver as expected. Interestingly, restoration of IRS-1 only in liver results in almost complete recovery from the whole-body insulin resistance, whereas disturbance of insulin signaling in the skeletal muscle of IRS-1-deficient mice seems to be more severe than that in the liver (29) . Recently, Bruning et al. have demonstrated that skeletal muscle-specific insulin receptor knockout does not affect the whole-body glucose homeostasis, whereas the knockout mice show severe insulin resistance in their skeletal muscle (11) . Taken together, our data suggest that IRS proteins play a pivotal role in glucose homeostasis presumably through regulating insulin-induced inhibition of gluconeogenesis or promotion of glycogen synthesis or both.
What is the most important signal from IRS-1 in liver to maintain glucose homeostasis? Comparing insulininduced PI3K and MAPK in IRS-1-deficient mice, the major IRS protein-mediated signaling events, the former is much more decreased as shown previously (3). In addition, PI3K has been shown to play a pivotal role in a variety of insulin's metabolic actions (23) . Thus, we express an IRS-1 mutant lacking p85 subunit of PI3K, IRS-1∆p85, in IRS-1-deficient mice in order to explore the role of PI3K in liver on systemic glucose homeosta- Figure 3 The effect of the mutant of IRS-1 lacking PI3K binding sites on insulin sensitivity of IRS-1-deficient mice. (a) Introduction of IRS1wt or IRS-1∆p85 into the IRS-1-deficient mouse liver by adenovirus-mediated gene transfer. After insulin treatment, the liver was isolated and lysed as described. The lysates were immunoprecipitated (IP) with 4G10 (upper panel) or αIRS-1-CT (middle panel) and subjected to SDS-PAGE (7% gel), followed by Western blotting (IB) with the same antibodies. The immunoprecipitates with 4G10 were also subjected to PI3K assay (lower panel). (b) ITT. ITT was performed against the indicated group of mice (eight mice in each group). Each bar represents ± SD. A P < 0.02 null IRS1∆p85 versus null LacZ. B P < 0.01 IRS-1∆p85 versus null LacZ.
sis. Contrary to the expectation, expression of IRS1∆p85 normalizes insulin sensitivity of IRS-1-deficient mice as well as that of IRS-1wt. Expression of IRS1∆p85 does not increase the PI3K activity associated with tyrosine-phosphorylated proteins in either the IRS-1-deficient mouse liver or the primary hepatocytes, although we cannot exclude the possibility that IRS-1∆p85 promotes PI3K activity independent of tyrosine phosphorylation by an unknown mechanism(s). However, IRS-1∆p85 promotes PKB activity as much as does IRS-1wt, although PKB has been shown to lie downstream of PI3K in various types of cells (26) . The activation mechanism of PKB mediated by IRS1∆p85 is unclear. Full activation of PI3K is not required for activation of PKB at least in cells expressing IRS1∆p85, whereas PI3K mostly contributes to activation of PKB in cells expressing IRS-1wt (Figure 5c ). However, it is also possible that the very small amount of PI3K activity associated with IRS proteins is sufficient for the full activation of PKB because of the particular subcellular localization of IRS/PI3K complex. Nevertheless, it is likely that in the liver and the primary hepatocytes, IRS-1 mediates the signals to activation of PKB by the PI3K-dependent pathway and the PI3K-independent pathway(s), such as the Ras-dependent one (31, 32) . Recently, Uchida et al. have demonstrated that IRS-4, a member of insulin receptor substrates, promotes full activation of PKB, although it associates with a small amount of PI3K activity (33) , suggesting that IRS protein could transmit the signal to activation of PKB without full activation of PI3K. In any case, our data suggest the possibility that full activation of PKB in liver is sufficient for systemic glucose homeostasis without full activation of PI3K.
Hepatic glucose production is known to play a cru-
Figure 4
Characterization of IRS-1wt-or IRS-1∆p85-mediated signaling events in IRS-1-deficient primary hepatocytes. (a) Tyrosine-phosphorylated proteins in the IRS-1-deficient primary hepatocytes expressing the indicated constructs. Cells were infected with adenovirus (moi 10) and cultured for 24 hours without serum as described in Methods. After being treated without or with 100 nM insulin for 1 minute, cell lysates were subjected to SDS-PAGE, followed by Western blot analysis (IB) with 4G10 (7% gel). (b) Time course of tyrosine phosphorylation on IRS proteins in the IRS-1-deficient primary hepatocytes expressing the indicated constructs. After being treated without or with 100 nM insulin for the indicated periods, cell lysates were immunoprecipitated (IP) with 4G10 (upper panel) or αIRS-1-CT (lower panel), and then the immunoprecipitates were subjected to SDS-PAGE, followed by Western blot analysis with the same antibodies. (c) Insulin-induced PI3K activity in the IRS-1-deficient primary hepatocytes expressing the indicated constructs. After being treated without or with insulin for the indicated periods, the cell lysates were immunoprecipitated with 4G10 and subjected to PI3K assay. The upper panel shows the representative result. In the lower panel, the results are expressed as the ratio to the value of LacZ without insulin, and each bar represents the mean ± SD of more than three independent experiments. A P < 0.01 LacZ insulin (+) versus IRS-1wt insulin (+). B P < 0.01 IRS-1∆p85 insulin (+) versus IRS-1wt insulin (+).
cial role for the systemic glucose homeostasis. Insulin decreases this by activating glycogen synthesis and glycolysis and by inhibiting gluconeogenesis. Glycogen synthesis in liver is mainly regulated by glucose input that correlates with blood glucose level. However, insulin also participates in the glycogen synthesis regulation presumably through the PI3K-dependent pathway (34), although it remains unclear which molecules are involved in this glycogen synthesis regulation. In skeletal muscle, PI3K/PKB/GSK3 cascade seems to be one of the key players in the regulation of glycogen synthase activity (17, 35) . Thus, it is possible that this cascade is also involved in the regulation of glycogen synthase activity in liver. Indeed, PKB has been recently reported to be a candidate for the kinase regulating glycogen synthesis in rat primary hepatocytes (28) . In glycolysis steps, PI3K seems to activate 6-phosphofructose 2-kinase (PFK2) through phosphorylation in response to insulin, leading to generation of fructose 2,6-bisphosphate, a key allosteric activator of PFK1, the rate-limiting factor of glycolysis (36) . Recently PKB has been shown to directly phosphorylate and activate PFK2 in vitro (37) . Therefore, PKB might be an important regulator of insulin-dependent glycolysis. In gluconeogenesis in liver, phosphoenolpyruvate carboxykinase (PEPCK) expression is the rate-limiting step, primarily regulated at the transcription level. Insulin inhibits glucagon and glucocorticoid-induced PEPCK expression presumably through PI3K activity (38, 39) . Some reports suggested that PKB is involved in this regulation, whereas others showed the opposite results (27, 40) . In any case, it is possible that PKB could contribute to reduce the hepatic glucose production by at least one of these mechanisms.
In conclusion, our results presented here show that restoration of IRS-1 in liver is sufficient for normalization of systemic insulin resistance in IRS-1-deficient mice, suggesting that regulating hepatic glucose production is pivotal for systemic glucose homeostasis. Furthermore, they suggest that PKB activity mediated by IRS-1 might play a crucial role in this regulation. Additionally, our results have also demonstrated that
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Figure 5
PKB activity in IRS-1-deficient primary hepatocytes and liver. (a) The effect of IRS-1wt or IRS1∆p85 on PKB phosphorylation and activity in IRS-1-deficient primary hepatocytes. After being treated without or with 100 nM insulin for 5 minutes, the cell lysates were subjected to SDS-PAGE, followed by Western blot analysis (IB) with anti-PKB antibodies (αPKB-CT) (upper panel), or subjected to immunoprecipitation (IP) with αPKB-CT followed by the immune complex kinase assay as described in Methods (lower panel). The results are expressed as the ratio to the value of LacZ without insulin, and each bar represents the mean ± SD of more than three independent experiments. A P < 0.05 LacZ insulin (+) versus IRS-1wt insulin (+). B P < 0.05 LacZ insulin (+) versus IRS1∆p85 insulin (+). (b) The effect of IRS-1wt or IRS-1∆p85 on PKB activity in IRS-1-deficient mouse liver. After being treated without or with insulin for 5 minutes, the liver lysates were immunoprecipitated with αPKB-CT and then subjected to PKB kinase assay. The results are expressed as the ratio to the value of LacZ without insulin, and each bar represents the mean ± SD of more than three independent experiments. A P < 0.01 LacZ insulin (+) versus wildtype insulin (+). B P < 0.05 LacZ insulin (+) versus IRS-1wt insulin (+). C P < 0.05 LacZ insulin (+) versus IRS-1∆p85 insulin (+). (c) The effect of PI3K inhibition on PKB activation on IRS-1 deficient primary hepatocytes. The indicated proteins were introduced into IRS-1-deficient primary hepatocytes by adenovirus-mediated gene transfer. Cells were incubated with or without 50 nM wortmannin for 30 minutes and were treated with 100 nM insulin for 5 minutes. The cell lysates were subjected to immunoprecipitation with 4G10 or αPKB-CT, followed by PI3K assay (upper panel) and PKB immune complex kinase assay (lower panel), respectively. In the lower panel, the results are expressed as the ratio to the value of LacZ without insulin, and each bar represents the mean of two experiments. wor, wortmannin.
adenovirus-mediated gene therapy is effective to normalize systemic insulin resistance at least under the particular conditions, presenting the possibilities of new therapy for the some types of diabetes.
